UNUSUAL RADAR ECHOES FROM THE GREENLAND ICE SHEET
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Airborne radar images of part of the Greenland ice sheet revea icy terrain whose radar
properties arc unique among radar-studied terrestrial surfaces but resemble those of
Jupiter’s icy Galilcan satellites. The 5.6- and 24-centimeter-wavelength echoes from
we Greenland percolation zone, like the 3.5- and 13-centimeter-wavelength echoes
from the icy satellites,arc extremely intense and have anomalous circular and linear
polarization ratios. However, the detailed subsurface configurations of the satellite
regoliths, where heterogencitics are the product of prolonged meteroid bombardment,
arc unlikely to resemble that within the Greenland percolation zone, where

heterogencities arc the product of seasonal melting and refreczing.
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It has been known since the 1970's that radar echoes from the icy Galilcan
satellites are extraordinary (1 ). The radar reflectivities (2) of Europa, Ganymede,
and Callisto arc several orders of magnitude greater than those recorded for comets,
the Moon, the inner planets, and nonmetallic asteroids, and show little dependence
on the radar wavelength. In addition, the satellites' circular polarization ratios jic (3)
exceeds unity, whereas fic is less than 0.4 for most other planetary targets, and their
linear polarization ratios #Lare about 0.5, again larger than values for other planets
(4). More recently, radar observations of the Mars residual south polar ice cap (5),
portions of Titan (6), and polar caps on Mercury (7) have revealed that surfaces with
high radar reflectivity and puc >1 exist elsewhere in the solar system.

Here we report the measurement of similarly exotic radar signatures for icy surfaces
on Farth. The observations were collected in June 1991 by the NASA/Jet Propulsion
laboratory airborne synthetic-aperture radar (AIRSAR) instrument above a vast
portion of the Greenlandice sheet called the percolation zone (Fig. 1), where summer
melting generates water that percolates down through the cold, porous, dry snow
and then refreczes in place to form massive layers and pipes of solid ice (8). The
radar observations were collected simultaneously at 5,6-, 24-, and 68-cm wavclengths,
and the complete scattering matrix (9) of each resolution clement was measured at
each radar wavelength. At the time of the radar flight, ground teams recorded the
snow and firn (old snow) stratigraphy, grain size, density, andtemperature (1 O) at
icc camps in three of the four snow zones identified by glaciologists to characterize
four different degrees of summer melting (8).

Figure 2 shows average values of the radar reflectivity U?”, (2), the circular
polarization ratio i, and the linear polarization ratio #r. obtained from AIRSAR
measurements at the Crawford Point site in the percolationzone. At 5.6 and 24 cm,
0%, is higher than unity at 18°, decrcases toward higher incidence angles, and shows

fcw spatial features. At 68 cm, o%;, is ten times lower, but shows kilometer-scale
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spatial variations. ¢ is larger than unity at 5.6 and 24 cm for incidence angles larger
than 30° and 450, respectively, increasing to 1.6 and 1.4 at 66°. At 68 cm, fc is
everywhere less than 0.8 and drops as low as 0.1 in some places, with kilonmtcr-scale
spat ial variations negativel y correlated with those observed in t he radar reflectivit y
images. /L isas large as 0.46 a 5.6 c¢cm and 0.22 at 24 cm, but remains less than 0.1
a 68 cm.

In the ATRSAR scenes of the Swiss camp and the GISP 11 sites, at all three
wavelengths, corresponding values of o9, are 10 to 30 times lower than at Crawford
Point; ic is less than 0.4, and j, isless than 0.1. To the best of our know] edge, no
natural terrestrial surface other than the Greenland percolation zone shows strong
cchoes with pe > 1 and py, > 0.3 (10). However, strong cc} locs with large values of
ftc and 5, have been reported for the icy Galilean satellites.

Figure 3 shows mean values of disk-integrated radar reflectivities obc and
circular polarization ratios ftc for Europa, Ganymede, Callisto, and the Moon, and
corresponding quantities for Greenland obtained by averaging of%;, and #c over the
Crawford Point scene. The figure shows that the average radar properties of the
percolation zone at 5.6 and 24 cm (average ¢ > 1, large reflectivity) resemble
those of the icy satellites at 3.5 and 13 cm. 1lowever, Greenland’s average values
at 24 cm arc several tens of percent lower than at 5.6 cm, and /¢ < 1 a 68 cm,
indicating a change in the scattering process at the longer wavelengths, whereas
70-cm estimates of fic for the icy satellites apparently exceed unity (12). Also, ftc
for the percolation zone dccreases significantly from 66° to 18°, whereas no such dif-
ference has been noticed for the icy satellites (sce Fig. 3 caption); and o3, is a much
stronger function of the incidence angle than in the case of the icy satellites.

Several years ago, Zwall y (13) suggested that icc inclusions could explain low
emissivities measured for the percolation zone by spaceborne microwave radiometers.

Since then, surface-based radio sounding experiments, and airborne active and
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passive microwave measurements (14), have supported the hypothesis that volume
scattering from subsurfaceice layers and ice pipes is the major influence on the radar
returns. Recent surface-based radar observations conducted at Crawford Point (10)
at 5.4 and 2,2 cm further indicate that, at incidence angles between 10° and 70°, most
of the scattering takes place in the most recent annual layer of buried ice bodies.

Figure 4 shows a representative example of firn stratigraphy in the percolation
zone in carly summer. Ice bodies generated from a previous summer melt are found
1.8 m below the surface. Ice layers, a millimeter to a fcw centimeters thick, extend
at least several tens of centimeters across, parallel to the firn strata (8). Ice pipes,
several centimeters thick and several tens of centimeters long, are verticaly extended
masses reminiscent of t he percolation than nelsthat conduct melt water down through
the snow during summa-, feeding icc layers. The fact that radar returns measured at
68 cm arc significantly weaker and have lower polarization ratios than those at 5.6
and 24 cm suggests that the d iscrete scatterers responsible for t he radar echocs are
of typical dimension less than a fcw tens of centimeters, similar to the scales of the
solid-ice inclusions. The 68-cm echoes probably arc dominated by single reflections
from deeply buried layers of denser firn or concentrated icc bodies, whereas the 5.6-
and 24-cm echoes probably arc dominated by multiple scattering from the icc layers
and pipes in the most recent annual layer. The relatively sharp decreasc in ji¢ and
jt1, for Oless than 40° perhaps reveals the presence of a strong, specular reflection
from the ice layers at smallincidence angles, which is also suggested by the strong
dependence of radar reflectivity on incidence angle.

Ice layers and pipes aso form in the soaked zone, but the snow there is so saturated
with liquid water that the radar signals are strongly attenuated, cannot interact
with the buried ice formations, and hence yield echoes with low reflectivities and
polarization ratios. In the dry-snow zone, the snow is dry, cold, porous, clean, and

therefore very transparent at microwave frequencics, but does not cent ain soli cl-ice
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scatterers that could interact with the radar signals.

For the satellites, no in-situ measurements exist or are planned, but theoretical
interpretations favor subsurface volume scattering as the source of the radar
signatures. Hapke (15) suggested that the mechanism responsible for the
satellites’ radar behavior is the coherent backscatter effect, also known as weak
localization (16), which has been observed in laboratory-controlled experiments of
scattering of light from weakly absorbing, disordered random media. Coherent
backscattering can theoretically produce strong echoes with pe >1 (the helicity of the
incident polarization is preserved through multiple forward scattering) and sy, ~ 0.5,
provided that (i) the scattering heterogeneities arc comparable to or larger than the
wavelength (1 7), and (ii) the relative refractive index of the discrete, wavelength-sized
scatterers is smaller than 1.6 (Fig. 9 of (18)). As noted by Ostroand Shoemaker (19),
prolonged impact cratering of the satellites probably has led to the development of
rcgoliths similar in structure and particle-size distribution to the lunar regolith, but
the high radar transparency of ice compared with that of silicates permits longer
photon path lengths, and higher-order scattering. lence coherent back scatter can
dominate the echoes from Kuropa, Ganymede, and Callisto, but contributes
negligibly to lunar echoes. Similarly, the upper few meters of the Greenland
percolation zone arc relatively transparent (unlike the soaked zone) and, unlike the
dry-snow zone, contain an abundance of solid-ice scatterers at least as large as the
radar wavelength, with a relative refractive index of about 1.3, so coherent backscatier
also can dominate the echoes there. llowever, the detailed subsurface configurations
of the satellite regoliths, where heterogenei t ics arc the product of meteoroid
bombardment, seem unlikely to resemble that within the Greenland percolation zone,
where heterogencities are the product of seasonal melting and freezing.

Wc conclude that a variety of natural subsurface configurations can yield

exotic radar properties, Given the increasing number of solar system surfaces (5,6,7)
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characterized by high radar reflectivitics and polarization ratios, it is desirable to
define as accurately as possible the physical constraints provided by the radar
measurements. The Greenland percolation zone constitutes a uniquely accessible,
nat ura] laboratory for studying exotic radar scattering processes in a geological
setting. Direct sampling and high-resolution, multi-wavelength radar imaging of that
terrain could reveal the detailed relationship between radar signature and
subsurface configurate ion, thereby furnishing a modicum of ground truth for

interpreting echoes from extraterrestrial surfaces.
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FIGURE CAPTIONS

Figure 1. Map of Greenland showing the four snow zones defined by Benson (8), the
flight track of AIRSAR (continuous thick ling), and the location of the Swiss Camp,
Crawford Point,and the GISP Il sites. Melting rarely occurs in the dry-snow zone;
forms massive, buried, solid-ice inclusions in the percolation zone; saturates the snow
with liquid water in the soaked zone; and removes the seasonal snow cover and ablates

the glacier ice in the ablation zone.

Figure 2. Average values of the (A) OC radar reflectivity o%;,(B3) circular
polarization ratio ftc = o%,/0%;., and (C)lincar polarization ratio ju, =05y /0%y
for the Greenland percolation zone obtained by averaging the radar mecasurements
recorded by AIRSAR at Crawford Point along the flight path, at 5,6, 24, and 68 cm,

as a function of the incidence angle of the radar illumination, 6.

Figure 3. Disk-integrated average radar properties. Points for extraterrestrial
targets arc averages of disk-integrated measurements at various subradar longitudes
(Fig. 10 of (1 )). Disc-resolved echo spectra, which are equivaent to brightness scans
through a slit parallel to the projected spin vector, show hardly any variation in puc
across the satellite discs (Fig. 2 and 3 of (1 )). For Greenland, points arc averages of
mecasurements that span incidence angles, 8, from 18° to 66°. 10% of the projected

area is at < 18°, and17% is at 0 > 66°.

Figure 4. Snow stratigraphy at Crawford Point on the day of the AIRSAR
observations. Snow grain diameters arc less than 1 mm in fine-grained snow and
more than 1 mm in coarse- grained snow. Theaverage snow density is 0.2 g/cm?® in

the top 40 cm and 0.4 g/cm®bctween 40 and 200 cm. Wind crusts arc paper-thin

10
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layers of firmly bonded, fine-grained snow. Depth hoar consists of large, skeletal
crystals formed in snow strata by crystallization directly from water vapor when a

temperature gradient exists in the snow.

1
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